Pyricularia isolates from various gramineous plants were subjected to RFLP and sequence analyses of rDNA to clarify their genetic relationships.
INTRODUCTION
Pyricularia spp. are causal agents of blast diseases of many plant species belonging to the Gramineae, Cannaceae, Cyperaceae and Zingiberaceae17,38). Many researchers have attempted to classify Pyricularia isolates from various plant species by examining morphology, host range, sexual compatibility and isozyme patterns of extracellular enzymes15,16,21, 33, 35, 38) . On the basis of these characters, several subgroups could be clearly differentiated,
i.e., isolates from rice (Oryza sativa), f oxtail millet (Setaria italica), common millet (Panicum miliaceum), finger millet (Eleusine coracana), crabgrass (Digitaria sanguinalis), Manchurian wild rice (Zizania latifolia) and mioga (Zingiber mioga).
Recently, molecular genetic analyses have been employed in phylogenetic and taxonomic studies of Pyricularia isolates2,9,10,12,20,26,27,31,32) These studies provided valuable information on genetic differences between blast isolates from different hosts. Studies on restriction fragment length polymorphisms (RFLPs) of nuclear and mitochondrial genomes suggested that Pyricularia isolates could be differentiated into several genetically distinct host-specific groups2,20,31). Kato and his colleagues16,37) constructed a detailed phenogram of various isolates using single copy probes isolated from genomic DNA of an Eleusine isolate. They suggested that isolates from agronomically important gramineous crops (rice, wheat, common millet, foxtail millet and finger millet) were very close to one another and clustered into a single group, but were remote from isolates from Digitaria, Zingiber and so on. Analyses with repetitive DNA elements also provided information on the genetic distinction of host-specific groups of Pyricularia isolates26). Several repetitive DNA elements have been identified in the , genome of Pyricularia species5-7,9,10,14,27,29). The distribution and copy number of some of these elements differed significantly among isolates infecting different host plants. For example, MGR58610) containing a DNA-type transposon6), and fosbury27), a retrotransposon with long terminal repeats (LTRs), were present in a high copy number in rice isolates but either present in a low copy number or absent in other isolates. Grasshopper5), another LTR-retrotransposon, was present in a high copy number in a group of Eleusine isolates but absent in other isolates. Based on these results, Shull and Hamer26) drew a figure that specified the point at which those transposable elements entered into the population of Pyricularia. MAGGY is a 5.6-kb retrotransposon with 253-bp LTRs7) and is very similar to fosbury27). This repetitive DNA element was ubiquitous among isolates from rice, foxtail millet, and green bristlegrass (Setaria viridis), but absent in isolates from other hosts7,32). Furthermore, some of the MAGGY copies in Setaria (foxtail millet and green bristlegrass) isolates seemed to have a conserved restriction fragment that was absent in MAGGY copies in rice isolates32). It is very intriguing to estimate when MAGGY entered the Pyricularia population and differentiated into the two types.
This study had two objectives. A plasmid clone of the MAGGY element isolated from a cosmid library of P, grisea strain 25397) was provided by S. Leong, University of Wisconsin. The restriction map of MAGGY is shown in Fig. 1 . The 4.6-kb SalI to PstI fragment was subcloned into pBluescript SK(+) (Stratagene) as pMGY23. RFLP types was determined by the method of Nei and Li23). The similarity coefficient (F) for the rDNA types was estimated by using the formula F=2Nxy/(Nx+Ny) , where Nxy is the number of restriction fragments shared by two rDNA types, and Nx and Ny are the total numbers of restriction fragments in rDNA types x and y , respectively23). A dendrogram was constructed from the similarity coefficient data by using the unweighted pair group method with arithmetic average (UPGMA) clustering28). Nucleotide sequences of the ITS2 region were aligned using CLUSTAL V program11) and finally optimized by eye. Aligned sequences were analyzed by PHYLIP v3.5c8). The evolutionary distance was calculated from the Jukes and Cantor one-parameter method13).
RESULTS

Polymorphisms
of rDNA restriction patterns A total of 71 Pyricularia isolates from 27 host species were subjected to RFLP analysis of rDNA. Total DNA of each isolate was digested with RsaI or HaeIII, and the gel blot was probed with the rDNA clone PBR-2. The RsaI and HaeIII digestion produced 32 and 19 different resolvable fragments, respectively, in the isolates tested (Fig. 2) . Based on the combined results with the two enzymes, 71 isolates were grouped into 13 rDNA types, which were designated as rl to r13. Isolates from the same host species had identical rDNA types, except for isolates from S. viridis (Table 1) .
All isolates from O. sativa (rice) had an identical rDNA type, r1 (Table 1) . Isolates from Phalaris arundinacea (reed canarygrass), Anthoxanthum odoratum (sweet vernalgrass), Festuca arundinacea (tall fescue) and Lolium multiflorum (Italian ryegrass) also had type r1 (Table 1 ). In the RFLP-based dendrogram, type rl was the closest to r2, r3 and r4 with 94% similarity (Fig.  3A) . Grouped into these three types were isolates from S. italica (foxtail millet), S. viridis (green bristlegrass), P. miliaceum (common millet), Pennisetum clandestinum (kikuyu grass) and Panicum bisulcatum (Table 1 ). At the 86% similarity level, type rl was clustered together with additional three rDNA types (r5 through r7), which included isolates from Eragrostis lehmanniana (lehmann lovegrass), Eleusine species (including finger millet), Bambusa arundinacea (bamboo), Triticum aestivum (wheat) and Avena sativa (oats) (Fig. 3A) . Consequently, isolates from agronomically important crops were grouped into a single cluster at this similarity level.
Isolates from weeds, such as Digitaria spp. (including Fig. 2 . Profiles of 13 rDNA types detected in Pyricularia isolates . Total DNA was digested with HaeIII or Rsal and fractionated in a 3% agarose gel. The gel blot was hybridized with biotin-labeled rDNA probe PBR-2 . Abbreviated names of isolates (see Table 1 ) and their rDNA types are indicated above lanes. Molecular sizes are shown in kilobases. Table 1 ) with the total number of isolates in parentheses. In B, representative isolates tested are shown in the abbreviated names of isolates (see Table 1 ). Carriers of MAGGY and a MAGGY homolog are enclosed in a rectangle and underlined, respectively. The nucleotide sequence data used for constructing dendrogram B will appear in the DDBJ/EMBL/GenBank nucleotide sequence databases with the accession numbers # AB031335 (Osa1), # AB031336 (Sit1), # AB031337 (Svi3), # AB031338 (Phi1), # AB031339 (Ele1), # AB031340 (Tae3), # AB031341 (Eco1), # AB031342 (Cci1), # AB031343 (Lor1), # AB031344 (Sge1), # AB031345 (Dho1), # AB031346 (Dsm1), and # AB031347 (Pba1).
crabgrass) and Cenchrus ciliaris (buffeigrass), were located outside the crop isolate cluster. Japanese isolates from Sasa sp. and Phyllostachys bambusoides (type r13) were farthest from all other isolates with 69 similarity. Variation of the nucleotide sequence of rDNA One isolate was chosen from each of the rDNA types, and a total of thirteen representative isolates were subjected to sequence analysis of rDNA. A UPGMA dendrogram constructed from the alignment of their rDNA sequences showed similar results to those in the RFLP-based dendrogram (Fig. 3B) : type r1 to r7, which includes isolates from agronomically important crops, were grouped into a single cluster with a very high similarity, while type r13 was the most distant from the crop isolate cluster. Minor differences were found between the two dendrograms.
In the sequence-based dendrogram type r5 was the farthest from type r1 in the crop isolate cluster, and type r8 and r9 (consisting of Digitaria isolates) were located outside type r10 to r12 (Fig. 3B) .
Distribution of MAGGY To examine the distribution of MAGGY, total DNA of each isolate was digested with Eco RI and hybridized with pMGY23. Some examples are shown in Fig. 4 . Intense bands corresponding to the four conserved EcoRI-fragments of 1.2, 1.0, 0.7 and 0.6kb (Fig. 1) were observed in all isolates from O. sativa, S. italica and S. viridis (Fig. 4) . Such bands were also detected in isolates from P. arundinacea, A, odoratum, F. arundinacea, L. multiflorum, P. clandestinum and C. ciliaris. pMGY23 also hybridized to many other bands with moderate to low intensity in these isolates, indicating that MAGGY is present in a high copy number in these isolates (Table  1 ). An isolate from P. bisulcatum carried four weak bands corresponding to the conserved MAGGY fragments and only two additional bands (12.0 and 1.8kb) (Fig. 4) , suggesting that this isolate carries a single copy of MAGGY (Table 1) and that the two additional bands are its flanking fragments. Isolates from P. miliaceum produced a weak signal with pMGY23 (Table 1) . The other isolates showed no hybridizing band with pMGY23 (Table 1 and Fig. 4) .
Most of the isolates carrying MAGGY or its homolog belonged to four rDNA types, r1, r2, r3, and r4 (Table 1) . These rDNA types were grouped into a single subcluster on the dendrograms shown in Fig. 3 . One exception was an isolate from C. ciliaris, which carried multiple copies of MAGGY but showed rDNA type r12 (Figs. 2 and 4) . This isolate was distant from the other MAGGY carriers on the dendrograms (Fig. 3) .
To examine the internal structure of MAGGY found in the 28 isolates, genomic DNA was simultaneously digested with HindIII and Bam HI and hybridized with pMGY23. In all of the isolates carrying multiple copies of MAGGY, three intense signals of 1.0, 0.7, and 0.2kb were detected, which corresponded to the conserved HindIII/BamHI fragments in a cloned MAGGY copy Total DNA was digested with EcoRI or BamHI+HindIII and fractionated in a 0.7% agarose gel. The gel blot was hybridized with a biotin-labeled MAGGY probe pMGY23. Abbreviated names of isolates (see Table 1 ) and their rDNA types are indicated above lanes . ( Figs. 1 and 4) . Two additional major bands with moderate intensity were detected in those HindIII/BamHI double digests as noted by Tosa et al.32) . One was 1 .8kb in size and commonly present in isolates from O . sativa, S. italica and S. viridis. The other was 1 .5kb in size and specific to isolates from S. italica and S . viridis. These bands were considered to be derived from variants of MAGGY copies in the genome . On the basis of the presence or absence of the 1.5-kb band, the isolates with multiple copies of MAGGY could be divided into two groups that were assumed to harbor different MAGGY populations (Table 1 and Fig. 4) . One group (S type) with the 1.5-kb band consisted of isolates from S. italica , S. viridis and P. clandestinum, and the other (O type) without the 1.5-kb band consisted of those from O . sativa, P. arundinacea, A. odoratum, F. arundinacea , L. multiflorum and C. ciliaris. This grouping almost corresponded to that based on rDNA (Fig. 3) ; S-type isolates belonged to r2 and r3, while O-type isolates belonged to r1 with one exception. The exception was an isolate from C. ciliaris that belonged to r12 and was remote from rl on the dendrograms (Fig. 3) .
DISCUSSION
rDNA has been used to analyze genetic differentiation of Pyricularia isolates by several researchers2,12,20,26.31). However, they did not obtain enough rDNA-polymorphisms to construct a dendrogram due to the use of restriction enzymes recognizing specific 6-bp sequences. In the present study, we employed Rsal and HaeIII that recognize specific 4-bp sequences. Use of these enzymes made it possible to detect 13 rDNA types and to construct a dendrogram showing their genetic relatedness. However, the intensity of hybridization signals was different among several bands on the RFLP profiles. Because of the possibility that some of the strong signals may be produced by the stacking of restriction fragments, which may distort the RFLP-based dendrogram, we sequenced the ITS2 region of rDNA of representative isolates and constructed a sequence-based dendrogram. Consequently, the two dendrograms showed a similar topology.
In these dendrograms, isolates from agronomically important gramineous crops (rice, foxtail millet, common millet, finger millet, wheat and oats) and their relatives were grouped into a single cluster. Isolates from tall fescue, Italian ryegrass, reed canarygrass and sweet vernalgrass were also grouped into this cluster, but this is reasonable since they were revealed to be intrinsically the rice pathogen16,18). In contrast, isolates from Digitaria spp. (including crabgrass), S. geniculata (knotroot bristlegrass), Leersia oryzoides (rice cutgrass), Echinochloa colonum (jungle rice), Cenchrus echinatus, C. cilialis (buffelgrass), Phyllostachys bambusoides (bamboo) and Sasa sp. (bamboograss) were distant from those crop pathogens. These results support the previous RFLP analysis by Kato and his colleagues16,37) using single copy probes. The rDNA analysis also revealed the relative genetic similarity among these isolates (Fig. 3) .
Most of the isolates that possessed MAGGY belonged to a single subcluster within the cluster of crop isolates. Shull and Hamer21) proposed that repetitive DNA elements had been differentially acquired or selectively amplified in a certain host-specific group of Pyricularia . We suggest that MAGGY was probably acquired by a common ancestor of the subcluster before the differentiation of the rice (O. sativa) pathogen and the foxtail millet (S. italica) pathogen.
Isolates from common millet (P. miliaceum) showed only a few weak signals with the MAGGY probe22) in spite of being classified into the subcluster of MAGGY carriers (Fig. 3) . Cloning and sequencing of this MAGGY homolog revealed that these isolates carry a single copy of degenerate MAGGY that had suffered numerous point mutations of C: G to T: A transition22). Therefore, it is reasonable that common millet isolates are clustered with other MAGGY carriers.
It should be noted that an isolate from buffelgrass (C. ciliaris) carried multiple copies of MAGGY with the same internal structure as that in rice isolates. There is no possibility that the buffelgrass isolate is a rice isolate that colonized buffelgrass by the opportunistic infection, since its rDNA type, r12, was located far from the rice isolate type, r1, on the dendrograms (Fig. 3) . Thus, it is possible that the buffelgrass isolate acquired MAGGY by horizontal transfer30). The donor of MAGGY may have been the rice blast pathogen, or alternatively, have been an organism other than the blast fungus.
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